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Inhomogeneity and transverse voltage in superconductors 
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Voltages parallel and transverse to electric current in slightly inhomogeneous superconductors can 
contain components proportional to the field and temperature derivatives of the longitudinal and 
Hall resistivities. We show that these anomalous contributions can be the origin of the zero field 
and even-in-field transverse voltage occasionally observed at the superconductor to normal state 
transition. The same mechanism can also cause an anomaly in the odd-in-field transverse voltage 
interfering the Hall effect signal. 
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INTRODUCTION 

Hall effect in the superconducting state is one of 
the major tools for studying vortex dynamics, and as 
such, enjoyed much attention over the last two decades. 
Two puzzling features observed in the vicinity of the 
superconductor- normal phase transition attracted partic- 
ular interest, but nevertheless remain elusive until now: 
development of an excess transverse voltage at zero ap- 
plied magnetic field []], and an even-in-field transverse 
voltage (ETV) under applied field [3|-[5|, and reversal of 
the Hall coëfficiënt polarity p-[8j. 

Appearance of a transverse voltage at zero applied 
magnetic field was ascribed to attraction among vortices 
and antivortices, generated at two opposite edges of a film 
by the self-field of the applied electrical current [2, 9]. At- 
tractive vortex-antivortex interaction modifies the vortex 
trajectory by providing a velocity component parallel or 
anti-parallel to the current, thus generating a local elec- 
tric field transverse to current direction. Polarity of this 
local field depends on the trajectory of individual vor- 
tices; therefore, development of the non-zero transverse 
voltage across macroscopic samples can only take place if 
the symmetry of the interaction is broken along the cur- 
rent line, a condition which is hard to justify. Breaking of 
time reversal symmetry due to the fractional statistics in 
two dimensional high temperature superconductors was 
suggested [10] as an alternative interpretation, although 
such a mechanism cannot explain the presence of the ef- 
fect in conventional three-dimensional superconductors. 

Development of the ETV under applied magnetic field 
has been mostly discussed in terms of guided vortex mo- 
tion In this scenario the pinning landscape plays 
a crucial role. Non-zero ETV can be generated if vor- 
tices are forced to move along tracks not-normal to the 
current direction over a length comparable with the dis- 
tance between the voltage probes. Such guided motion 
can be achieved in materials with orientational pinning 
anisotropy, like single crystals with oriented twin bound- 
aries [HL [l2|l, ordered arrays of Josephson junctions [13|, 



foils treated by mechanical rolling [6|, ll4[ , films with par- 



ticular lithographic patterning [l5l-[Ï7| or deposited onto 
faceted substrates [18]. Surprisingly, both ETV and zero 
field transverse voltage were also observed in a variety 
of untreated superconductors without any orientational 
pinning [Jfl [Ül , where transport properties should be 
isotropic. 

In general, the magnitude and details of anomalous 
transverse voltage effects are unpredictable and hardly 
reproducible. Samples produced and measured under the 
same experimental conditions can give a different ETV 
response [5]. Similarly inconsistent are reports on the 
sign reversal of the Hall coëfficiënt. While the effect was 
reported by many groups in different low and high tem- 
perature superconductors 0-0 , no sign reversal was de- 
tected by others in the exact same materials [201 ]. 

A non-uniform transport current due to inhomogeneity 
of material was suggested p], [21[ as a possible explana- 
tion of at least a part of the anomalous behavior. Against 
this it was argued [10] that the effect was observed both 
in high quality samples with a narrow superconducting 
transition and in disordered samples with a wide transi- 
tion. 

An interesting feature noted in several cases [3|, LLOj is 
a correlation between the anomalous temperature depen- 
dent transverse voltage and the temperature derivative of 
the longitudinal resistivity dR xx /dT. A similar correla- 
tion was also found [5[ between the ETV and the field 
derivative of the longitudinal resistance dR xx /dH. 

In this article we report on a systematic study of the 
transverse voltage in several low T c and high T c super- 
conducting materials. We shall demonstrate that the 
anomalous transverse voltage in untreated superconduc- 
tors can be consistently explained by the presence of a 
minor asymmetrie spatial inhomogeneity in the material, 
while the correlation with the derivatives of the longitu- 
dinal and Hall resistivities is the trademark of its origin. 



EXPERIMENTAL RESULTS AND DISCUSSION 

The primary mechanism responsible for depinning and 
motion of vortices in type II superconductors is the 
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FIG. 1. V xy (•) and Via; (°) measured in a 200 nm thick Pb film as a function of temperature at zero applied magnetic field 
(a); as a function of field applied normal to the film plane (b) and in-plane parallel to electric current (c) at T = 4.2 K. Solid 
lines (red online) are fits calculated according to Eqs. 13141 



Lorentz force Fl = JxB, produced by the transport cur- 
rent J and magnetic induction B per unit volume of the 
vortex lattice. The force is largest when magnetic field is 
applied normal to the electrical current and diminishes 
to zero when the field is aligned strictly along the current 
line. As such, any phenomenon related to flux motion is 
expected to depend strongly on the presence and orien- 
tation of applied field relative to electrical current. Fig. 
QJi presents the transverse voltage V xy , measured as a 
function of temperature in a plain 200 nm thick Pb film 
in zero applied magnetic field. The shown V xy signal 
in this and following figures was obtained by subtract- 
ing the normalized mismatch voltage corresponding to 
an unavoidable misalignment of the transverse contact 
pads. The longitudinal voltage measured simultaneously 
is marked by V xx . It can be seen that V xy appears at 
the onset of the transition and disappears when resis- 
tivity reaches its normal state value. Fig. [TJd presents 
the longitudinal voltage and the ETV measured in the 
same sample at 4.2 K as a function of field applied nor- 
mal to the film plane. The data are shown for both mag- 
netic field polarities. Non-zero ETV appears at the onset 
of the resistive transition and disappears in the normal 
state. ETV is also observed in the Lorentz force free 
configuration with field applied in-plane parallel to the 
current contacts line, shown in Fig. Misalignment 
of the field oriënt ation from the film plane, estimated by 
the Hall resistance slopes at temperatures above T c , does 
not exceed 1-2 degrees, which is much too small to justify 
the observed effect. The magnitude of V xy in both field 
oriënt ations is very close, implying that the anomalous 



effect does not depend on the orientation and the very 
presence of the applied magnetic field. These findings 
contradict any direct correlation between the transverse 
voltage and mot ion of vortices. 

A phenomenon closely related to the subject of this 
work is an occasional observation of an excess voltage in 
longitudinal resistivity across the superconductor-normal 
state transition [EHa. Vaglio et al jÜ suggested that 
the effect can be explained by inhomogeneity of the mate- 
rial and described by a simple current distribution model. 
Here we adapt and extend this model to treat the devel- 
opment of the transverse voltage. The sample is repre- 
sented by a four resistors network, shown in Fig. [2^, 
where resistors R a -d represent four quarters of a super- 
conducting sample and thus depend on field and tem- 
perature. Longitudinal voltage V xx is measured between 
contacts A and E or B and F, and the transverse voltage 
V xy is measured between C and D. We are interested in 
V xx and V xy in the transition range where conductivity 
of any macroscopic section of the sample is finite. For 
simplicity we assume all resistors to be Ohmic. V xx and 
V xy are calculated by use of Kirchhoff 's laws as: 



Vt, 



V*. 



„ (R a + R c )(Rb + Rd) 
R a + Rb + R c + Rd 



RaRd — RbRc 



(i) 



(2) 



R a + Rb + R c + Rd 
where I is the tot al electric current. A non-zero trans- 
verse voltage V xy will be generated in any case of diag- 
onal inequality R a Rd ^ RbRc We assume the simplest 
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case in which three resistors are identical R a (T,H) = 
R b (T,H) = R C (T,H) = R*(T,H) and the fourth R d 
passes from the superconducting to the normal state with 
a small delay in temperature AT t and/or field AH tl that 
we will denote as the transver se delay s. In the transit ion 
range R d is given by R d (T, H) = R*(T+AT U H+AH t ) w 
fl*(T, H) + AT t dR *j£' H) + AH t dR *V' H) . When the su- 
perconducting transition is crossed as a function of tem- 
perature in zero or constant magnetic field, the transverse 
voltage V xy will develop according to: 



Vxy — 



AT t dV xx (T,H) 
4 dT 



(3) 



Similarly, when magnetic field is varied at constant 
temperature, the model predicts the transverse voltage 
to be given by: 




FIG. 2. Model circuits representing a superconducting film: 
(a) without Hall voltage, (b) with Hall voltage. Each resistor 
represents a quarter of the sample. 



V xy 



AH t dV xx (T,H) 
4 dH 



(4) 



AH t changes sign at the negative field polarity, there- 
fore the resulting V xy (H) is an even function of the mag- 
netic field. V xy (T,H) is proportional to the tempera- 
ture or/and field derivative of the longitudinal resistance 
and becomes significant at the superconducting transi- 
tion due to a sharp variation of resistance. Solid lines 
in Figs. QJi-c are fits to Eqs. [3] and |4] calculated using 
the measured longitudinal resistance and one fitting pa- 
rameter AT t or AH t only. A perfect fit in Fig. was 
obtained with AT t = 2.8 • l(T 4 i\~, which is more than 
two orders of magnitude smaller than the width of the 
superconducting transition öT = 5 • 10~ 2 K, the latter 
being defined as the temperature span over which resis- 
tivity changes between 10% and 90% of its normal value. 
Fits of V xy (H) drawn in Figs. [Tb and Ut were calculated 
with AH t = 230G and AH t = 170G for the perpen- 
dicular and parallel field orientations respectively. The 
transition widths in these orientations are by an order of 
magnitude larger: 6H± = 2000G and SH\\ = 3000G. 

Presence of the spatial inhomogeneity can be tested 
explicitly by e.g. simultaneous probing of different parts 
of a sample. Fig. [3] presents two magnetoresistance mea- 
surements taken simultaneously along two opposite edges 
of Pb film with field applied normal to the film plane. 
Both sets of data are normalized by their respective nor- 
mal state values at the field of 1 T, denoted by V n . Inset 
of Fig. [3] shows a sketch of the sample and location of the 
voltage probes. V\ in Fig. [3] is identical to V xx in Fig. 
[TJ). The relative shift of the transition is about 250G in 
a fair agreement with the value AH t = 230G found by 
the fitting. 

Following the model, the sign of the transverse voltage 
depends on the sign of AT t and AH t , i.e. whether the 
region "d" has higher or lower critical field/temperature 
than the rest of the sample. To test the relevance of the 
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FIG. 3. The normalized longitudinal voltage V xx /V n mea- 
sured at two opposite edges of the Pb film as a function of 
magnetic field applied normal to the film. V n are the normal 
state values at 1 T. Inset shows a sketch of the sample and 
location of the voltage probes. 



model we fabricated two samples with artificial "diag- 
onal" non-uniformity. Two Pb samples were deposited 
through two identical Hall bar masks onto glass sub- 
strates tilted by 45° from the target direction. Masks 
were rotated in plane of the substrates by +45° and —45°, 
as shown in the sketch in Fig. HJ By using the labels of 
Fig. Hl corner B of sample SI was closer to the target 
than corner C, and corner A of sample S2 was closer than 
corner D. As a result, thickness of opposite corners (B, 
C in SI, and A, D in S2) varied by about 25% for an 
average thickness of 200 nm, and the thickness gradiënt 
was oriented by about +45° and —45° from the current 
line direction. Both samples were prepared simultane- 
ously under the same conditions. For a sample with a 
variable thickness one expects a lower critical field in the 
thinnest region due to a higher current density. Fig. |4] 



MoH ± (T) 

FIG. 4. Transverse voltage measurements of two Pb samples 
with thickness gradients oriented at +45° (•) and —45° (o) to 
the current line. A sketch of the sample deposition method 
is shown in the inset. Arrow indicates the direction to the 
target. 



presents the transverse voltage V xy measured in the two 
samples at T=4.2K as a function of field applied normal 
to the films. The transverse voltage peaks are almost 
identical but have opposite polarity consistent with the 
expected: positive for sample SI and negative for S2. 
The result was consistently reproduced in a number of 
similarly fabricated pairs. 

Applicability of the model to high temperature su- 
perconductors was tested with YBaCuO films grown by 
off axis dc magnetron sputtering onto Yttrium-stabilized 
Zr O 2 covered sapphire substrates [24|. Figs. [5^i and 
O) present respectively the temperature dependence of 
V xy in zero field and the even V xy measured as a func- 
tion of field applied normal to ab planes at T=81.8K. 
The anomalous transverse voltages in YBaCuO have the 
same characteristic features as found in Pb. The solid 
lines in Figs. [5^i and [5}d were calculated by Eqs. [3] and 
[4] using the measured R(T) and R(H) and fitting pa- 
rameters AT t = 0.6K and AH t = 1.17T. Both fitting 
parameters correspond to about 20% of the respective 
transition widths. The same model seems therefore to 
describe consistently the anomalous transverse voltage 
both in Pb and in YBaCuO. 

The question which needs to be addressed is whether 
the simple effective four resistors circuit of Fig. [2^i mod- 
els reliably the current and electric potential distribution 
in a real sample. In order to test this, we performed a 
numerical calculation of current flow in inhomogeneous 
samples. The discrete form of the continuüm transport 
equations is equivalent to current flow in a resistor grid; 
therefore a natural extension of the four resistors model 
is its replacement by a large resistor network. We con- 
ducted the calculation on a grid consisting of 100 x 300 
resistors depicted in the inset of Fig. [6] (the inset illus- 
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FIG. 5. Even V xy (•) and V xx (o) measured in a YBaCuO 
film as a function of: (a) temperature at zero applied field; 
(b) field applied normal to the film plane at T = 81.8 K. Solid 
lines (red online) are fits calculated according to Eqs. 13141 



trates a grid of 4 x 12 resistors). Magnetic field depen- 
dence of the black resistors is shifted by AH t relative to 
the gray resistors. In order to compare the calculation to 
the experiment al results, the field dependence of the gray 
resistors was taken to be proportional to the measured 
V XX {H) shown in Fig. Eb: R{H) = R ■ V XX (H)/V XX (1T) 
where V XX (1T) is the normal state value of V xx mea- 
sured at a field of 1 Tesla. Coëfficiënt Ro was deter- 
mined by demanding the calculated normal state V xx to 
be equal to the experiment al value. Result of the nu- 
merical calculation is shown in Fig. [6]by the solid line, 
with AH t = 270G. The numerically calculated curve is 
close to the one obtained by use of Eq. [H (dashed line in 
Fig. [6|) with similar values of AH t (270G for the numer- 
ical calculation compared to 230G for Eq. [4j). One can 
therefore conclude that the simple four resistor model 
captures the essential details of the current and electric 
potential distribution of a macroscopic sample. 

Evidently the inhomogeneity of arbitrary samples can 
be more complex than modeled above and generate a va- 
riety of transverse voltage patterns. One example is the 
variable polarity ETV found in a granular Ni-Pb mixture 
with 15% volume of Ni shown in Fig. [71 Such a pattern 
can be explained if e.g. the transition is wider in one 
quarter of the sample than in others while the critical 
field, defined at the mid-transition, is roughly the same 
everywhere. In this case the resistance of the selected re- 
gion exceeds the rest at one stage of the transition and de- 
lays at the other. The ETV, which is determined by the 
difference between the diagonal resistances, will therefore 
change sign during the transition. 

The same inhomogeneity mechanism can also be re- 
sponsible for the generation of an anomalous odd-in-field 
transverse signal. If the superconducting transition is 
not identical along the sample, the Hall voltage will also 
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FIG. 6. Even V xy in a Pb sample as function of field applied 
normal to the film. Full circles represent experiment al data, 
solid line (blue online) is the numerically calculated transverse 
voltage, and dashed line (red online) is the voltage calculated 
according to Eq. [4l Inset shows a sketch of the resistor grid 
used for the numerical calculation. 
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FIG. 7. Even transverse voltage measured in a 200 nm thick 
NiPb sample as a function of field normal to the film plane at 
T=4.2K. 



differ at different cross-sections. The representing cir- 
cuit is shown in Fig. EJd. Vab and Vef indicate the 
Hall voltages at two cross-sections, while resistors R a -d 
model the sample's longitudinal resistance. Assuming 
that Vab(H) = V EF (H + AHi) and R d = R*(H + AH t ) 
where AHi is a small longitudinal delay in the critical 
field, one can calculate V xx between points F and B, and 



V xy between points C and D as: 



Vt, 



IR 



AHi dV xy (T, H) , AH t dV xx {T,H) 



dH 



dH 



(5) 



Vxy = Vef 



AHidV xy (T,H) , AH t dV xx (T,H) 



dH 



OH 



(6) 



Here in addition to the regular signals IR and Vef-, 
both the longitudinal and transverse voltages contain two 
additional terms: an odd-in-field term proportional to 
the field derivative of the Hall voltage and an even term 
proportional to the field derivative of resistivity. These 
extra " inhomogeneity" terms can be significant when re- 
sistivity or Hall voltage vary sharply. Polarity of the 
odd term ^^^ff- can be the same or opposite to Vef 
however its magnitude does not exceed the latter. There- 
fore, the superposition of two odd terms can result in an 
anomaly of the Hall effect signal although not a rever- 
sal of its polarity. In our samples we did not identify an 
anomalous odd signal exceeding the experimental accu- 
racy. 

Effect of a minor asymmetrie inhomogeneity discussed 
here is relevant not only for the superconducting transi- 
tions but also for other systems where the longitudinal 
or Hall resistivity vary sharply as a function of any ex- 
ter nal parameter like pressure, temper at ure, magnetic or 
electric field. Specific examples to mention are reversal 
of magnetization in ferromagnetic films with perpendic- 
ular magnetic anisotropy [25| and development of frac- 
tional quantum Hall steps in a 2D electron gas [26] . As a 
general warning, a straight-forward determination of the 
longitudinal and Hall resistivities as the even and odd in 
magnetic field components of the measured data can lead 
to erroneous conclusions. 



CONCLUSIONS 

In summary, we tested and found no evidence of a di- 
rect correlation between the vortex dynamics and devel- 
opment of an anomalous zero field and even in field trans- 
verse voltage in untreated low T c and high T c supercon- 
ductors. On the other hand, the effect can be consis- 
tently explained by the presence of a minor asymmetrie 
inhomogeneity of the material. In this case, a simple cir- 
cuit model predicts an appearance of additional voltage 
signals proportional to the temperature and field deriva- 
tives of the longitudinal resistivity in an excellent agree- 
ment with the experiment. The same mechanism can also 
cause an anomaly in the odd in field transverse voltage 
interfering the Hall effect signal, although not a reversal 
of its polarity. The effect can be present both in high 
quality samples with a narrow and sharp transition, and 
in disordered samples with a wide transition since only a 
minor relative transverse inhomogeneity is sufficiënt for 
its development. 
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